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We have investigated the structure of the cell adhesion molecule L1 by electron microscopy. We
were particularly interested in the conformation of the four N-terminal immunoglobulin domains,
because x-ray diffraction showed that these domains are bent into a horseshoe shape in the related
molecules hemolin and axonin-1. Surprisingly, rotary-shadowed specimens showed the molecules
to be elongated, with no indication of the horseshoe shape. However, sedimentation data sug-
gested that these domains of L1 were folded into a compact shape in solution; therefore, this
prompted us to look at the molecules by an alternative technique, negative stain. The negative
stain images showed a compact shape consistent with the expected horseshoe conformation. We
speculate that in rotary shadowing the contact with the mica caused a distortion of the protein,
weakening the bonds forming the horseshoe and permitting the molecule to extend. We have thus
confirmed that the L1 molecule is primarily in the horseshoe conformation in solution, and we
have visualized for the first time its opening into an extended conformation. Our study resolves
conflicting interpretations from previous electron microscopy studies of L1.

INTRODUCTION

The neural cell adhesion molecule L1 (Grumet and Edelman,
1984; Rathjen and Schachner, 1984) is a cell surface glycop-
rotein that is important during CNS development for pro-
moting neurite outgrowth, fasciculation, and axon guidance.
L1 is the founding member of a protein subgroup within the
immunoglobulin (Ig) superfamily (for review, see Hortsch,
1996, 2000; Brummendorf et al., 1998). Several members have
been characterized in vertebrates: L1 (Wolff et al., 1988),
NgCAM (Burgoon et al., 1991), NrCAM (Grumet et al., 1991),
CHL1 (Holm et al., 1996), neurofascin (Volkmer et al., 1992);
and in invertebrates: neuroglian (Bieber et al., 1989), and
tractin (Huang et al., 1997). The common structure comprises
six extracellular Ig domains followed by five fibronectin
type III (FN-III) domains linked to a transmembrane seg-
ment and a highly conserved cytoplasmic tail, which is
involved in ankyrin-mediated interaction with the cytoskel-
eton (Davis et al., 1993). The extracellular part of three gly-
cosyl-phosphatidylinositol–anchored members of the Ig su-

perfamily, share a similar domain structure (six Ig and four
instead of five FN-III domains) with L1 proteins: chicken
axonin-1 (Zuellig et al., 1992), mammalian TAG-1 (Hasler et
al., 1993), and F11 (Ranscht and Dours, 1988; Brummendorf
et al., 1989).

To perform its diverse biological functions, L1 protein
interacts homophilically (Grumet and Edelman, 1984; Lem-
mon et al., 1989; Doherty et al., 1995) and in a heterophilic
manner with a variety of other cell adhesion molecules.
Heterophilic interactions of L1 proteins with axonin-1/
TAG-1 (Felsenfeld et al., 1994; Buchstaller et al., 1996; Lustig
et al., 1999) and F11 (Morales et al., 1993) have been shown to
be important in neurite outgrowth and fasciculation.

The importance of L1 for neurogenesis is demonstrated by
several neuropathological disorders that are attributed to
mutations in the human L1 gene (Kenwrick et al., 2000),
which is located on the X chromosome in mouse and man
(Djabali et al., 1990). The complex and variable neurological
disorders associated with L1 mutations have been termed
CRASH syndrome (for corpus callosum hypoplasia, mental
retardation, adducted thumbs, spastic paraplegia, x-linked
hydrocephalus; Fransen et al., 1998). Mutations located in the
L1 ectodomain are generally correlated with a more severe
phenotype than mutations in the cytoplasmic part.

L1 has been deleted in mice by gene knockout, and these
mice show some defects similar to those associated with the
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human mutations. L1-deficient mice are smaller then wild-
type litter mates and show axon guidance errors in the
corticospinal tract, weak uncoordinated hind limbs, and de-
layed motor reaction (Dahme et al., 1997; Cohen et al., 1998).

Because there are currently no x-ray crystallographic or
nuclear magnetic resonance data for L1, structural informa-
tion has been inferred by comparison with homologous
proteins and from studies mapping functional domains or
binding sites within the L1 or related proteins. Bateman et al.
(1996) proposed a structural model for L1 by aligning its Ig
domains with telokin, which is the C-terminal domain of
myosin light chain kinase, whose atomic structure has been
solved (Holden et al., 1992). Their model features six Ig
domains, identified as members of the I-set of cell adhesion
domains (Harpaz and Chothia, 1994), which are linked di-
rectly to each other except for a seven-residue linker be-
tween domains D2 and D3.

In a study carried out by Rader et al. (1996) several domain
deletion constructs of axonin-1 were expressed in COS cells
to map their site of interaction with NgCAM, the chicken
orthologue of mammalian L1. The first four domains of
axonin-1 were sufficient for NgCAM binding. Deletions in-
volving any one of the first four Ig domains led to complete
loss of binding, suggesting that these four Ig domains rep-
resent a functional unit in the ectodomain. Comparable re-
sults had been obtained for deletion constructs of NgCAM
(Kunz et al., 1998), where the most dramatic reduction in
adhesion and interaction with axonin-1 was observed for
deletions in the first four N-terminal Ig domains.

The crystal structure of hemolin, an insect Ig superfamily
member involved in immune response after bacterial infec-
tion, has been solved (Su et al., 1998). In contrast to most
tandem repeats of Ig domains, which are linear and ex-
tended, the crystal structure of hemolin showed an unusual
compact horseshoe-shaped structure. The domain pair
D1-D2 is almost linear, as is D3-D4, but a sharp bend be-
tween D2 and D3 establishes a close contact between do-
mains D1 and D4 and between domains D2 and D3. A very
similar horseshoe-shaped conformation was recently found
in the crystal structure of Ig domains D1-D4 of axonin-1
(Freigang et al., 2000). Hemolin comprises four Ig domains,
which share ;38% identity with the first four Ig domains of
neuroglian, the insect orthologue of mammalian L1. Sedi-
mentation experiments indicated that neuroglian had a com-
pact shape similar to hemolin (Su et al., 1998). Two features
important for the horseshoe conformation were conserved in
sequence alignments of hemolin, neuroglian, and human L1
(Su et al., 1998). First, many amino acids involved in the
interfaces of D1-D4 and D2-D3 are conserved in all three
proteins. Some of the pathological mutations of human L1
map to these conserved contact residues. Second, the seven-
residue linking segment between D2 and D3, which is nec-
essary to permit the bending, is conserved in length (but not
in sequence). The consensus of all these studies is that the
horseshoe shape should be conserved in all L1-related pro-
teins.

De Angelis et al. (1999) studied the effect of point mutation
variants on homophilic binding of L1 to wild-type L1 and on
binding to axonin-1, F11, and F3. The mutations studied
were all identified with neurological disorders in humans.
Three mutations within the defined region of intramolecular
contact of the horseshoe shaped conformation showed con-

siderably reduced homophilic binding. This suggests that
the horseshoe conformation is important for homophilic
binding.

Drescher et al. (1996) visualized the structure of the L1
ectodomain by rotary-shadowing EM. The molecules ap-
peared as extended rods, with two or more bends producing
a spiral-like profile. A thickened, globular structure was
frequently seen on one end, and antibody mapping sug-
gested that this thickened segment corresponded to the FN-
III domains (however, these images were difficult to inter-
pret). This interpretation is in contrast to the expectations
from the atomic structures of hemolin and axonin-1, that a
thickened segment would correspond to the horseshoe of
the Ig domains.

The purpose of our study was to resolve the contradiction
between the structure reported from EM and the growing
body of evidence for a compact conformation of Ig domains
D1-D4. To this end we produced recombinant L1 proteins
containing the Ig domains and analyzed them by electron
microscopy (EM) and velocity sedimentation. For compari-
son, hemolin was analyzed in parallel. Surprisingly, rotary-
shadowed L1 molecules appeared elongated, with no evi-
dence of the horseshoe structure. However, a compact
structure with a horseshoe fold was indicated by sedimen-
tation studies and was eventually visualized directly by
negative stain EM. This study thus confirms the predicted
horseshoe confirmation and also visualizes for the first time
its opening into an elongated shape, suggesting that the
molecule can shift between these conformations.

MATERIALS AND METHODS

Proteins
The Fc fusion proteins, mL1-Fc, hL1-16Fc, and hL1–16TEVFc
(Haspel et al., 2000, a and b) and Nr-Fc (Lustig et al., 1999) were
constructed and produced as described. Briefly, 293 cell lines stably
expressing these proteins were cultured in DMEM with 10% low Ig
fetal calf serum (GIBCO, Grand Island, NY), 2 mM l-Gln, 50 mg/ml
gentamicin (GIBCO). Fc fusion proteins were precipitated via addi-
tion of ammonium sulfate, resuspended, and dialyzed against phos-
phate-buffered saline, bound to protein A Sepharose beads, and
eluted with 0.1 M glycine, pH 2.8, as described (Sakurai et al., 1998).

The protein fragment hL1–16TEV was obtained from hL1–
16TEVFc by proteolytic digestion with tobacco etch virus proteinase
(TEV) protease as described (Haspel et al., 2000a). Note that hL1–
16TEVFc is identical to hL1–16Fc except for the inclusion of a TEV
protease cleavage site in the hinge region. hL1–16TEVFc bound to
protein A Sepharose beads was released by cleavage with 0.25
U/mg TEV protease (GIBCO). Finally the supernatant, containing
hL1–16TEV, was collected and protein purity was verified by SDS-
PAGE.

To produce deglycosylated hL1–16TEV (termed hL1–16TEV/PN-
Gase), the protein was incubated with 1000 U/mg PNGase (New
England Biolabs, Beverly, MA) in phosphate-buffered saline at 37°C
for 6 h. Removal of carbohydrate chains was confirmed by loss of
cross-reaction by the antibody HNK-1, which recognizes carbohy-
drate moieties that decorate native L1 (Schürmann, Haspel, Grum-
met, and Erickson, unpublished results).

Sedimentation Equilibrium to Estimate Molecular
Mass and Carbohydrate
When analyzed on SDS-PAGE, deglycosylated L1–16-TEV PGNase
ran at 69 kDa, exactly as predicted from the protein sequence (68,700
kDa). Fully glycosylated L1–16-TEV ran at 103 kDa, suggesting 34
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kDa carbohydrate per L1–16 molecule. To check this seemingly high
value we used sedimentation equilibrium to determine the mass of
glycosylated L1–16-Fc (we did not have enough L1–16-TEV). Pro-
tein was dialyzed into 1 mM Tris, pH 7.9, and diluted 1:4 into H2O
or D2O before centrifugation, to measure experimentally the partial
specific volume of the protein, v2., and its total mass, M. Protein
samples were sedimented at 5000 rpm at 20°C in an XL-A analytical
ultracentrifuge Beckman, Fullerton, CA). The density of each buffer
was measured, and the two experimental curves of protein vs.
radius profile were fit to determine two parameters, v2 and M, with
the use of software available with the XL-A. The best fit was
achieved for v2 5 0.66 cm3/g, and M 5 276 kDa. The peptide
contributes 192 kDa to the dimeric molecule, leaving 42 kDa carbo-
hydrate per L1–16-Fc monomer. Because there is only one N-linked
glycosylation site in the Fc fragment, and nine in L1–16, we estimate
that 40 kDa of this carbohydrate should be on L1–16. We thank Dr.
Harvey Sage, Biochemistry, Duke University Medical Center, for
this sedimentation equilibrium analysis.

Gradient Sedimentation and EM
Purified proteins were sedimented through 15–40% glycerol gradi-
ents in 0.2 M ammonium bicarbonate, in a Beckman SW55.1 rotor at
38,000 rpm for 16 h at 20°C. Gradients were eluted and fractionated.
Sedimentation coefficients were estimated by comparing elution
positions with standard proteins in a parallel gradient (catalase at
11.3 S, bovine serum albumin at 4.6 S, and ovalbumin at 3.5 S).
Studies with additional standards have demonstrated that these
glycerol gradients are linear in the range 11–3.5 S (Schürmann,
Haspel, Grummet, and Erickson, unpublished results).

Rotary-shadowed EM specimens were prepared directly from the
glycerol gradient fractions (Fowler and Erickson, 1979).

Negative staining of L1–16-TEV protein was carried out by ap-
plying protein at a concentration of 9 mg/ml in 20 mM Tris, pH 8.0,
to carbon-coated grids. Before use the grids were glow discharged
for 5 s at 600 V and 0.2 torr in a Technics West (San Jose, CA)
HummerX. The protein solution was pipetted onto the carbon sur-
face and removed after a few seconds. Two drops of 2% uranyl
acetate solution (sterile filtered before use to remove precipitated
salt) were flowed over the grid, and the remaining uranyl acetate
was removed by suction with filter paper. The staining was re-
peated once and the grids were air dried.

EM pictures were taken at a nominal magnification of 50,0003
with an EM301 (Phillips, Eindhoven, The Netherlands) at 80 kV. The
magnification was calibrated by comparison with the 38.8-nm re-
peat in tropomyosin paracrystals (Erickson et al., 1981). EM nega-

Figure 1. Schematic structures of the constructs investigated. Ig
domains are displayed as gray ovals, FN-III-like domains are dis-
played as dark ovals, and the constant antibody Fc domains are
displayed in open ovals. Ig domains are labeled D1–D4/D6 and
FN-III-like domains are labeled F1–F8.

Figure 2. Electron micrographs of rotary-shadowed L1–16-Fc mol-
ecules (A), ml1-Fc molecules (B), and Nr-CAM-1612-Fc molecules
(C). Bar, 100 nm.
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tives were scanned at 600 dpi on an ArcusII scanner (Agfa, Mortsel,
Belgium; more recently we have used the inexpensive Epson Per-
fection 1200U with equivalent results) and further processed by
Adobe Photoshop 4.0 (Adobe Systems, Mountain View, CA) to
optimize density and contrast and to obtain prints at a 150,000- and
300,000-fold magnification. Dimensions of molecules were mea-
sured with the program NIH image (http://rsb.info.nih.gov/nih-
image) by tracing along the shadowed or negatively stained parti-
cles. The dimensions from rotary-shadowing electron micrographs
were corrected by subtraction of 1 nm for the metal shell at each
end.

RESULTS

The extracellular domain of the neuronal cell adhesion mol-
ecules L1 and NrCAM, and parts of these molecules, were
engineered as fusion proteins with the constant antibody Fc
region at the carboxy terminus. The Fc fusion proteins have
an antibody-like structure where each of the variable regions
is replaced by the ectodomain of L1, and the Fc portion
forms a dimeric molecule. The constructs are diagrammed in
Figure 1. L1–16-Fc comprises the six amino-terminal Ig do-
mains of human L1 fused to the antibody Fc domain. The
mL1-Fc protein contains the entire extracellular domain of
mouse L1 (six Ig domains and five FN-III domains) fused
with the Fc domain. The NrCAM-1612-Fc protein com-
prised six Ig domains at the amino terminus followed by
two FN-III domains and the antibody Fc domain. Hemolin
domains 1–4, and two tenascin fragments encompassing
stretches of FN-III domains 1 through 5 or 1 through 8 were
included in this study to compare their sedimentation be-
havior and EM structure to the results obtained for the L1
proteins.

Rotary-Shadowing EM
Rotary-shadowing EM of the dimeric L1-Fc constructs
showed V-shaped molecules with two rods extending from
a larger globular domain, which is identified as the Fc (Fig-
ure 2). Lengths were quantitated by tracing along these
extended arms over the whole length of the shadowed mol-
ecule, including the Fc domain. The full-length mL1-Fc mol-
ecules in Figure 2B are clearly longer than the L1–16-Fc in

Figure 2A; NrCAM-16 1 2-Fc (Figure 2C) is intermediate in
length. The molecules appeared extended and somewhat
flexible, with irregular gradual curves. They sometimes
showed sharp bends with an angle of ;90°. Occasionally a
whole arm of a dimeric molecule curves in a 180° turn to
give a large globular structure.

If the first four Ig domains folded back into a horseshoe
conformation, like that demonstrated for hemolin (Su et al.,
1998) and axonin-1 (Freigang et al., 2000), we would expect
to see a pronounced globular domain at the ends of the
arms. This was almost never seen. The constant thickness of
the arms implies that the molecules are fully extended, and
this is confirmed by length measurements (Table 1). We
divided the measured length by the total number of Igs (and
where present FN-III domains). For each of the three mole-
cules this gave a length of approximately 4 nm per domain
(see DISCUSSION), which is very close to the length of a
single Ig domain in published x-ray structures. These
lengths confirm that the three molecules are fully extended
in the rotary-shadowed specimens.

The dimeric structure with the addition of the Fc fragment
increased the possibility of some confusion, so we also pre-
pared samples of monomeric L1–16 by cutting off the Fc
with TEV. This protein was investigated in its generic gly-
cosylated form, referred to as L1–16-TEV, and also in an
enzymatically deglycosylated form, L1–16-TEV/PNGase.
The electron micrographs of L1–16-TEV molecules (Figure 3)
show a simple structure, short rods that are either straight or
contain one or two bends. Molecules with a single bend
appear to be curved at one end of the rod without having a
distinct bending position. If the molecules are bent twice
they appear S-shaped. The appearance of the S-shaped mol-
ecules ranges considerably from an elongated slightly
curved shape to a sharply bent S-form (Figure 3, bottom
row). We counted 60 single molecules and estimated 58% of
these molecules to have S-shape to a variable degree; 20%
had a single bend and 22% were straight. The curved part of
the structures appears to be open and the angle ranges from
a flat angle of ;120° to a sharp bend of approximately 30°.
The deglycosylated L1–16-TEV/PNGase was essentially
identical in shape and length (Figure 4; Table 1). None of the

Table 1. Contour lengths and sedimentation coefficients of L1 chimeras and segments

Protein
Length

(nm) Number of domains
Mass
(kDa)

Length/domain
(nm) S Smax/S

L1-16-Fc 31.7 6 3.7 23 (6 Ig 1 Fc) 278 4.0 10.6
mL1-Fc 50.5 6 3.6 23 (6 Ig 1 5 FN 1 Fc) 3.9 11
NrCAM-1612-Fc 40.8 6 3.9 23 (6 Ig 1 2 FN 1 Fc) 4.1 8.7
L1-16-TEV 26.1 6 1.2 6 Ig 103–109 4.4 5.4
L1-16-TEV/PNGase 26.3 6 2.5 6 Ig 69 4.4 4.5 1.36
Hemolin 8.8 6 0.9 4 Ig 44 4.4a 3.5 1.29
TNfn1-5 14.7 5 FN 50 2.9 3.0 1.65
TNfn1-8 24.6 8 FN 79 3.0 3.2 2.08

The mass of L1-16-Fc is from sedimentation equilibrium. The mass of L1-16-TEV is from SDS-PAGE (103 kDa) or deduced from the
sedimentation equilibrium of L1-16-Fc, assuming all the carbohydrate of this chimera is on L1-16. The masses of L1-16-TEV/PGNase,
hemolin, and TNfn1-5 were calculated from the amino acid sequence. S values were determined in the present study by glycerol gradient
sedimentation.
a For hemolin the 8.8-nm length was assumed to cover two domains in the horseshoe conformation.
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molecules had a globular domain that would suggest a
horseshoe conformation for D1-D4. Furthermore, the aver-
age length of 26.1 6 1.2 nm (n 5 23) gave 4.4 nm per domain
(Table 1), confirming the extended structure.

The elongated conformation of these L1 constructs contra-
dicted the expectation of a horseshoe conformation already
found for the related proteins hemolin and axonin-1. We
wanted to compare directly the rotary-shadowed L1 with
hemolin and were able to do this with a sample of hemolin
D1-D4 (Su et al., 1998), the same protein that was used for
crystallography, generously provided by Dr. Xiao-Dong Su
(University of Lund, Sweden; Figure 5). This protein had the
expected globular shape, in contrast to the elongated shape
of the L1 proteins.

Because the hemolin fragment contains only four Ig do-
mains, we also wanted to compare it to an L1 fragment of

similar length. Therefore we visualized hL1–14Fc, which
contains the first four Ig domains of L1, via rotary-shadow-
ing EM. Like hL1–16Fc, ml1-Fc, and NrCAM-Fc this protein
exhibited elongated L1 arms consistent with an extended
structure for Ig domains 1–4 (Schürmann, Haspel, Grum-
met, and Erickson, unpublished results). In summary, the
rotary-shadowing EM confirmed the compact horseshoe
conformation for hemolin but suggests that L1 and NrCAM
are fully extended. However, data described below from
sedimentation analysis and negative stain contradict this
view and suggest that the first four domains of L1 are indeed
predominantly folded into the horseshoe conformation in
solution.

Gradient Sedimentation Analysis to Estimate
Molecular Shape
We normally sediment proteins on a glycerol gradient as a
final purification step before rotary shadowing. This also

Figure 3. Electron micrographs of rotary-shadowed L1–16-TEV
molecules. Top, a field with L1–16-TEV molecules; bottom, selected
molecules at a twofold magnification. Bars: top, 200 nm; bottom, 100
nm.

Figure 4. Electron micrographs of rotary-shadowed L1–16-TEV/
PNGase molecules. Top, a field with L1–16-TEV/PNGase mole-
cules; bottom, a selection of single molecules at a twofold magnifi-
cation. Bars: top, 200 nm; bottom, 100 nm. The globular molecules
are the N-glycosidase, which cosediments with the L1–16-TEV/
PNGase in the glycerol gradient.
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gives us the sedimentation coefficient, which can indicate the
conformation of the molecules in solution. The hydrody-
namic parameter that we find most useful is Smax/S, where
Smax is the maximum possible sedimentation coefficient for a
protein of the given mass, corresponding to a sphere of the
minimum diameter to contain the given mass of protein,
with no water of hydration. The ratio Smax/S is the same as
f/fmin, where f is the actual frictional ratio of the hydrated
protein, and fmin is the frictional coefficient of the unhy-
drated minimal sphere (Tanford, 1961). Smax is calculated
from the Svedberg equation assuming the partial specific
volume of the protein is 0.73 cm3/g (this was the value
calculated for L1–16 from its amino acid composition and is
a typical value (Perkins, 1986); v2 ranging from 0.71–0.75
would have only a small effect on our estimation of Smax).
Globular proteins typically have Smax/S of 1.2–1.3 (for ex-
ample, our standard proteins catalase and serum albumin
have Smax/S 1.20 and 1.29), and the ratio increases to 1.6–2
or more for elongated proteins (Erickson, 1982).

Calculation of Smax/S is less straightforward for glycop-
roteins, because the carbohydrate significantly increases the

density of the protein. On the other hand, the projecting
sugar chains will increase the frictional coefficient. We there-
fore limited our analysis to the unglycosylated proteins,
L1–16-TEV/PNGase, hemolin, and two elongated segments
of FN-III domains from tenascin (Aukhil et al., 1993). The
Smax/S 5 1.29 of hemolin is completely consistent with the
compact globular (horseshoe) shape seen by x-ray diffraction
and by our EM (Figure 6). The Smax/S 5 1.36 for L1–16-
TEV/PNGase is very close to that of hemolin and much
smaller than the elongated tenascin segments with similar
contour lengths (Table 1). It is consistent with the first four

Figure 5. Electron micrographs of rotary-shadowed hemolin mol-
ecules. Top, a field with hemolin molecules; bottom, a selection of
single hemolin molecules at a twofold magnification. Bars: top, 200
nm; bottom, 100 nm.

Figure 6. Sedimentation analysis of hemolin, L1–16-TEV and L1–
16-TEV/PNGase. Samples were sedimented through a glycerol gra-
dient, and fractions from the gradient were analyzed by SDS-PAGE.
The positions and S-values of standard proteins in a parallel gradi-
ent are indicated by arrows above the gel. Fraction numbers are
indicated below the gel. The low number fractions on the left
correspond to the bottom of the gradient. The starting material
before sedimentation is shown on the right.
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domains being folded into a horseshoe and the last two
domains projecting from it.

Thus the hydrodynamics suggest that the L1 domains 1–4
may indeed be folded into a horseshoe in solution and that
the unfolded conformation may be induced during the prep-
aration of the rotary-shadowed specimens.

Negative Stain EM
To obtain an independent view of the structure, we exam-
ined L1–16-TEV by negative stain EM. Figure 7 shows a
large field of L1–16-TEV molecules and selected molecules
(Figure 7, bottom). The molecules have mostly a compact
globular conformation with occasionally a small arm pro-
jecting. Elongated molecules were observed very rarely. An
example is displayed in Figure 7 (bottom) among the se-
lected molecules. Its measured length is 30.8 nm. Measure-
ments of the compact molecules (by tracing along the longer
axis of the globular particles) gave a diameter of 8.9 6 1.1
nm (n 5 13). These electron micrographs are completely
consistent with the sedimentation data and suggest that

L1–16-TEV molecules have a compact structure, in which
domains 1–4 are folded into a horseshoe, with domains 5–6
projecting out (but usually not visible in negative stain).

DISCUSSION

In this study we have visualized two conformational states
of L1. Rotary-shadowed molecules appeared to be fully
extended, and the lengths agreed with expectations based on
dimensions of individual Ig and FN-III domains. The length
for an FN-III domain should be ;3.5 nm (Leahy et al., 1996),
and the Ig domains of hemolin are 4.2 nm (Su et al., 1998); the
D3-D4 domains of axonin-1 are ;4.7 nm (Freigang et al.,
2000) but this is unusually long.

EM images of rotary-shadowed L1 have been presented in
two previous studies. Drescher et al. (1996) interpreted their
images as showing a folded, globular conformation on one
end of the molecules. However, they identified the folded
segment as the FN-III domains rather than the N-terminal Ig
domains where the horseshoe is expected. We believe their
molecules are mostly elongated, just as ours. Their L1 mol-
ecules were a mixture of a 180-kDa form with 11 domains
and a 140-kDa form with 8–9 domains. These would mea-
sure 44 and 32 nm if fully extended. Their measured average
lengths were 43, 34, 33.5, and 31 nm for different classes of
images, corresponding to the expectation for extended mol-
ecules. Although a thickened segment is seen on the end of
some of their molecules, we believe most of their images
correspond to the elongated conformation, just as we have
found for rotary-shadowed molecules.

In a more recent study Hall et al. (2000) presented images
of rotary-shadowed L1 and suggested a folded structure at
one end that could correspond to the horseshoe conforma-
tion of the first four Ig domains. However, our own mea-
surements of their molecules show that many of them are
much too long to be single molecules. The shorter ones,
which mostly do not show a thickened end, are approxi-
mately the 44-nm length expected for a fully elongated L1.
Thus, in contrast to the interpretation of the authors, we
believe that this study also is in agreement with our inter-
pretation that rotary-shadowed L1 is primarily in an elon-
gated conformation.

In contrast to the elongated conformation of L1 Ig do-
mains, our rotary-shadowed images of hemolin showed a
compact structure completely consistent with the horseshoe
shape seen in the x-ray structure. We used sedimentation
analysis to investigate this further, and this suggested that
the Ig domains of L1 were actually in the horseshoe confor-
mation in solution. We then turned to negative stain EM,
which showed a compact globular shape consistent with the
horseshoe conformation.

Why did rotary shadowing and negative stain show
such different conformations? We suggest that the contact
with the mica may disrupt the noncovalent bonds con-
necting D1-D2 to D4-D3. There is a precedent for protein-
protein bonds being disrupted during sample prepara-
tion. Factor XIII occurs either as a homodimer or
heterotetramer, which are bound in a high-affinity com-
plex in solution. Yet, when examined by rotary shadow-
ing the subunits frequently separated from each other and
were found in a variably close proximity but not in con-
tact (Carrell et al., 1989). Our interpretation of this was

Figure 7. Electron micrographs of negatively stained L1–16-TEV
molecules. Top, a field of negatively stained molecules; bottom,
selected molecules at a twofold higher magnification. Bars: top, 200
nm; bottom, 100 nm.
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that the mica substrate caused a small distortion of the
contacting subunit that weakened the noncovalent inter-
faces holding the complex together. A similar effect might
apply to the L1 molecules, in which the contact with mica
could weaken the bonds holding domains 1– 4 in the
horseshoe conformation. In contrast to the occasional dis-
sociation seen in rotary-shadowed specimens, there is no
documented case of this happening in negative stain. The
primary difference may be in the substrate interaction. For
negative stain the proteins are adsorbed onto a carbon
film in an aqueous buffer, whereas for rotary-shadowing
proteins are adsorbed onto mica in a high concentration of
glycerol.

An earlier study examined full-length axonin-1 by nega-
tive stain EM and found globular particles, many with a
central depression, that were interpreted as a kind of “super-
horseshoe.” Rader et al. (1996) proposed a model in which
the first four Ig domains were folded into a compact struc-
ture, similar to the simple horseshoe, and the molecule was
folded again between Ig 6 and FN1. The authors reported a
diameter of 10 nm for their negatively stained particles and
suggested that this would be sufficient to contain all 11
domains of the full molecule. However, this is very close to
the 9-nm diameter that we found for the compact structure
containing only the first four Ig domains. We suggest that
their images actually correspond to the compact horseshoe
of the first four Ig domains, and the remaining domains
extend from this as a tail too thin to visualize in negative
stain.

It is interesting that rotary shadowing showed L1 opened
up into the elongated conformation, whereas hemolin pre-
served its horseshoe fold. This suggests that the intramolec-
ular bonds maintaining the horseshoe conformation are
weaker, or perhaps more easily broken by mica contact, in
L1 than in hemolin. This also suggests that the open, elon-
gated conformation may exist in equilibrium with the
folded, horseshoe conformation. Our sedimentation data in-
dicate that the equilibrium is strongly shifted toward the
horseshoe conformation in solution, even for L1, but mole-
cules should spend some fraction of their time in the open
conformation.

One of the most important unanswered questions is which
conformation is active for cell adhesion—the compact horse-
shoe or the open conformation. The simplest model would
postulate that the molecules retain the horseshoe conforma-
tion, and cell adhesion is mediated by contacts on the out-
side of the horseshoes on opposing cells. However, Su et al.
(1998) proposed an interesting alternative, in which the
horseshoes open up, and the same contacts that maintained
the horseshoe, D1-D2 binding D4-D3, could then bridge the
L1 molecules from the opposing cells. One thermodynamic
problem not addressed in this model is how dimerization of
the extended conformation could be thermodynamically
more favorable than the same bonds within the closed horse-
shoe. The effective concentration of D4-D3 relative to D1-D2
within a monomer is extremely high, ;3 mM (assuming that
the center of D3-D4 is limited to a ;5-nm radius sphere
around the tethered D1-D2). For dimerization of extended
molecules to be favorable, one would need a comparably
high density of L1 on the opposing surfaces. The simplest
model, where adhesion is mediated by contacts of fully
folded horseshoes, is still attractive.
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